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INTRODUCTION 

Due t o  t h e  rapid growth i n  heavy industry i n  the  United S ta tes ,  man has 
displaced many chemical elements from t h e i r  n a t u r a l  environment and has poured 
them back in to  h i s  d a i l y  environment. 
elements i n  process raw mater ia l s  and f u e l s  contr ibute  t o  the environment, the  
Environmental Pro tec t ion  Agency has i n i t i a t e d  a program of analysis f o r  a 
var ie ty  of elements including mercury, beryllium, cadmium, arsenic ,  vanadium, 
manganese, nickel ,  antimony, chromium, zinc, copper, lead,  selenium, boron, 
f luorine,  l i thium, s i l v e r  and t i n .  To conduct t h i s  ana lys i s  program on raw 
mater ia l s  and f i e l s  has  required the  evaluation of a n a l y t i c a l  techniques avai lable  
f o r  chemical elements i n  trace quant i t ies ,  espec ia l ly  f o r  mercury. 

I n  order  t o  determine the  ex ten t  chemical 

I n  j u s t  such a n  endeavor, the  Environmental Protect ion Agency (EPA) i n  con- 
junction with t h e  Nuclear Engineering Department of North Carolina S ta te  
Universi ty  (NCSU) evaluated neutron ac t iva t ion  analysis (NAA) of mercury i n  a 
round-robin series of c o a l  samples from the U.S. Bureau of Mines. This round- 
robin s e r i e s  was se lec ted  f o r  two reasons. These w e r e  (1) extensive and carefu l  
e f f o r t s  had gone i n t o  s e l e c t i n g  and preparing the  c o a l  samples; and ( 2 )  the many 
labora tor ies  (both atomic absorpt ion and neutron ac t iva t ion  a n a l y s i s )  par t ic ipa t ing  
i n  the  series provided an  excel lent  check on the accuracy of the  r e s u l t s .  

To completely cover the ranges of mercury expected i n  the  c o a l  samples, 

Instrumental NAA using a 3 x 1 0 ~ 3  n/cm -see i r r a d i a t i o n  and counting on a 
l a r g e  (Lithium d r i f t e d  g e m i u m )  Ge(Li) eo-axial  de tec tor .  

A 3 x 1013 n/cm2-sec i r r a d i a t i o n  followed by radiochemistry and counting 
on a 3" x 3" N a I  de tec tor .  

A 3 x 1 0 ~ 3  n/cm -see i r r a d i a t i o n  and counting on a newly developed 10 mm 
Ge(Li) LOW Energy Photon Detector. 

three types o r  v a r i a t i o n s  of NAA were t r i e d .  These were: 

1. 2 

2 .  

2 3. 
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S a m p l e  I/ 

DRB-A 

DRB-B 

DRB-C 

DRB-D 

DRB-E 

G- 1 

P- 1 

P- 2 

P-3 

P - 4  

P- 5 

I 

TABLE 81 

Geological Background of Coal Samples 

Geological Location 

Belmont Co. ,  Ohio 

Harrison Co., Ohio 

Jefferson Co., Ohio 

Kanawha Co., W. Va .  

Washington Co., Pa. 

Clay Co., Indiana 

Muhlenberg Co., Ky. 

Rosebud Co., Mont. 

Henry Go., Ma. 

Montrose Co., Colo. 

Navajo Co., A r k .  
I 

Mining Process 

S t r i p  - raw 

Deep - r a w  

S t r i p  - washed 

Deep - washed 

Deep - washed 

Deep - washed 

Raw 

. Raw 

Washed - r a w  

Raw 

Raw 

\ 
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EXPERIMENTAL 

Sampling and Preparat ion f o r  I r rad ia t ion  

Fresh samples of c o a l  representat ive of the mines l i s t e d  i n  Table I were 
obtained and sample preparat ion was a s  follows: 

1. Each p l a s t i c  b o t t l e  was washed with a 2-1 mixture of concentrated n i t r i c  
ac id  and hydrochloric ac ids ,  r insed f irst  w i t h  d i s t i l l e d  water and then 
with acetone. 

Coals were sampled, crushed t o  minus 60 mesh, divided equal ly  and placed 
i n  the cleaned sample b o t t l e s .  

From these c o a l  samples, th ree  s e t s  of samples of each were carefu l ly  

The b o t t l e s  were a i r  d r i e d  and capped. 

2. 

t ransfer red  t o  pre-cleaned low mercury content poly- i r radiat ion v i a l s .  
weighing, these were hea t  sealed along with s e t s  of  carefu l ly  ca l ibra ted  1 and 
5 microgram mercury standards.  These samples provided the necessary number t o  
perform dupl icate  analyses  w i t h  each of  the three techniques. 

Af te r  

1. 

2. 

3. 

4. 

5. 

Nuclear Parameters 

Weight of coal:  0.25 t o  0.50 grams 

Reactor neutron f lux :  

I r rad ia t ion  time: 4 hours 

3 x lox3 n/cm2-sec 

Decay times: Approximately 4 days f o r  Technique 1 and 3 and approximately 
7 days f o r  Technique 2.  

Technique #1 
Radiochemistry and Counting on a 3" x 3" NaI (Well-Type) Detector 

Approximately 24 hours a f t e r  i r r a d i a t i o n ,  t h e  poly v i a l  containing approxi- 
mately 0.5 gram o f  c o a l  dust  was opened and the  contents were completely 
t ransferred t o  a c lean  d i s t i l l a t i o n  f l a s k .  

Using 100 ug of mercuric oxide as a c a r r i e r  and 8 t o  9 m l  of fuming R2S0L 
f o r  digestion, t h e  so lu t ion  was mixed, then heated. 

Next, fuming n i t r i c  a c i d  w a s  added. 
u n t i l  charring was complete. 

A small amount of water and potassium b i s u l f a t e  was added t o  dr ive of f  the 
n i t r i c  a c i d  and n i t r i c  fumes. 

A f t e r  appropriate cool ing and t r a n s f e r  of  the  contents t o  a 300 m l  cali-  
brated beaker, the normality was adjusted t o  approximately 0.2 N and a 
standard di thiozone ex t rac t ion  procedure was used t o  remove the mercury. 

The addi t ion of HNO was repeated 3 
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The f i n a l  ex t rac t ion  (approx. 50 m l )  containing the mercury was poured i n t o  
a 150 cc wide bottom p l a s t i c  b o t t l e  f o r  counting on a 3" x 3" (well-type) 
N a I  detector.  

The 0.07 MeV photopeak of Hg-197 was u t i l i z e d  f o r  the c l a s s i c  method of 
da ta  reduction and s t a t i s t i c a l  evaluation. 

Hgures  #1 and 2 i l l u s t r a t e  the typ ica l  gamma spectrum of t h i s  ex t r ac t ion  
and the mercury standard respectively.  

Technique #2 
Instrumental NAA Using a 36 cc Ge(Li) Detector Coupled t o  a 

4096 Nuclear Data Multichannel Analyzer 

After a 7-day decay, the poly i r r a d i a t i o n  container was opened and the 
coa l  powder was t ransfer red  t o  a f lat  bottom p l a s t i c  100 m l  b o t t l e  f o r  
counting. 
powder over the b o t t l e  bottom. 

Each sample was counted for 30 minutes on a 36 cc co-axial  Ge(Li) de tec tor  
coupled t o  a 4096 Nuclear Data Multichannel Analyzer. 

Data reduction was performed using the c l a s s i c  method and the 0.07 MeV 
x-ray of Hg-197. 

Figures #3 and 4 i l l u s t r a t e  the spec t ra  obtained with t h i s  counting 
system fo r  unknown and standard respectively.  

The b o t t l e  was tapped t o  provide a uniform spread of the 

Technique #3 
Instrumental NAA Using a 10 mm Ortec Low Energy Photon Detector 

Coupled t o  a RIDL 400 Channel Analyzer 

Af te r  8 h a y  decay, the poly i r r a d i a t i o n  container w a s  opened and the 
coa l  powder was t ransfer red  t o  a f l a t  bottom p l a s t i c  15 ml b o t t l e  for 
counting. The b o t t l e  was tapped gently t o  provide a uniform spread of 
the powder over the b o t t l e  bottom, thus  insur ing  the geometry over the  
10 m surface of the de tec tor  window. 

Each sample was counted f o r  30 minutes on a 10 m G e ( L i )  Ortec Low Energy 
Photon Detector coupled t o  a 400 channel RIDL analyzer.  

Data reduction was performed using the  c l a s s i c  method and the 77.97 KeV 
x-ray of Hg-197. 

Figures #s and 6 i l l u s t r a t e  the s p e c t N  obtained with t h i s  counting system 
f o r  unknown and standard respectively.  

RESULTS 

The r e s u l t s  of a l l  three  NAA techniques p lus  the  average r e s u l t s  of the 
same samples analyzed by 8 other labora tor ies  pa r t i c ipa t ing  i n  t h e  c o a l  round- 
robin ana lys i s  are shown i n  Table 2. 
less atomic absorption and neutron ac t iva t ion  ana lys i s  with radio-chemistry. 

The other laboratory techniques were flame- 
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DISCUSSION OF RESULTS 

\ 

A s  can be seen from the  descr ip t ion  of each technique, the three  methods 
were kept as simple t o  perform as possible since we were s t r i v i n g  t o  achieve a 
rapid,  accurate procedure f o r  routine coa l  ana lys i s .  
developed i n  conjunction with thorough e f f o r t s  t o  maintain dupl ica te  conditions 
f o r  both standards and unknowns. I n  evaluating the three NAA techniques f o r  
mercury ana lys i s  i n  coal,  the  following conclusions were reached: 

This s impl ic i ty  was 

Technique #1 involving NAA and radiochemistry proved t o  be a very r e l i ab le  
method of ana lys i s  with c lose  agreemnt  of r e s u l t s  t o  other labora tory  r e su l t s .  
However, the t o t a l  number of samples t h a t  can be analyzed i s  l imi ted  by the  
r e s t r i c t i o n  of having t o  dissolve the  coa l  and pe r fom time-consuming radio- 
chemistry. A grea t  dea l  of technician contact i s  required i n  the chemical 
separation, and the v i s u a l  i n t e rp re t a t ion  o f  the  d i f f e ren t  s t eps  of the sepa- 
r a t ion  could lead t o  recovery e r r o r s  if on a routine bas i s .  A s ign i f i can t  
amount of  glassware i s  required p lus  the obvious l imi t a t ion  of hood space versus 
number of  separation u n i t s  t h a t  can occupy that space. 
backs t o  radio-chemical separation a r e  the  t ie-up of equipment and manpower with 
a l imi ted  ana lys i s  r a t e ,  p lus  poss ib le  recovery e r ro r s .  

Hence, the  main draw- 

Technique #2 using a la rge  coaxia l  Ge(Li) de tec tor  f o r  instrumental  NAA 
proves t o  be inadequate as the r e s u l t s  i n  Table 2 i l l u s t r a t e .  
and a t  these sub-microgram l eve l s ,  in te r fe rences  from other  elements prevent an 
accurate ana lys i s  u s in  
& b i n  and Leddicotte !? at Georgia Tech confirm these r e s u l t s  i n  t h a t  l a rge  
volume Ge(Li) de tec tors  do not possess the  required reso lu t ion  i n  t h e  x-ray 
region of the  energy spectrum. Note the  poor energy curve for mercury i n  
Figure #3. 

I n  t h i s  matrix 

the  0.07 MeV gamma ray of Hg-197. Similar work by 

Technique #3 using the Low Energy Photon Ge(Li) de t ec to r  (LEPD) f o r  ins t ru-  
mental NAA by f a r  appears t o  o f f e r  the most promise for fu ture  ana lys i s  of 
environmental m t r i c e s  such as coal,  f u e l  o i l s ,  air  pa r t i cu la t e s ,  etc. 
f a c t  t h a t  a l l  t h a t  i s  required i s  a 4-10 hour i r r a d i a t i o n  at a flux of 10 
neutrons/cm2-sec, p lus  a 24-72 hour decay, and a 20 minute count on a 16 mm 
LEPD ( t h i s  work was performed using a 10 mm de tec tor  width, bu t  t he  16 mm i s  
preferred due t o  the  increase i n  s e n s i t i v i t y  versus c o s t )  means t h a t  highly 
accurate,  inexpensive, and instrumental  NAA can be performed a t  a rapid ana lys i s  
rate. 

95 

The main f a c t o r  behind the LEPD's usefulness i s  that of i t s  extremely f ine  
reso lu t ion  (220 e V  at 55 KeV which i n  this case c l e a r l y  def ines  Hg-197's 66.98, 
68.79, 80.16 KeV x-rays and 77.97 KeV gamma ray. Hence, even with possible 
in te r fe rences ,  the choice of 1 of  3 or 4 photopeaks allows one t o  accura te ly  
perform the  quant i ta t ive  ana lys i s .  When photopeak count rate r a t i o s  do not 
compare those of the Hg-197 standard, a h a l f - l i f e  determination based on a 
second count can be used t o  choose the photopeak f o r  quant i ta t ive  ana lys i s .  
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SUMMARY 

An evaluat ion of three  NAA techniques f o r  nercury ana lys i s  i n  coa l  has 
been presented with special emphasis given to the  use of a 16 mm L o w  Energy 
Photon Ge(Li) Detector  f o r  rapid instrumental NAA. 

Preliminary results show the  p o s s i b i l i t y  t h a t  many other  elements with 
nucl ides  having l o w  energy x-rays can e a s i l y  be analyzed i n  c o a l  using the 
LEPD gamma detec tor .  
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- 1/ D. M. Walker, M. E .  McLain, and G. W. Leddicotte, "Semiconductor Detector 
Optimization f o r  Trace Mercury Analysis i n  Environmental Samples", Georgia 
I n s t i t u t e  of Technology, Atlanta, Georgia i 


